Objective. Vitamin D deficiency is linked with pain, function, and radiographic progression of knee osteoarthritis (KOA), but the results of studies addressing the association and effect of vitamin D supplementation for pain, function, quality of life, radiographic disease, and progression are inconsistent. The aim of this review is to determine the therapeutic and preventive potential of vitamin D supplementation in KOA.
INTRODUCTION
Osteoarthritis (OA) is the most common musculoskeletal disease and an significant cause of disability in the elderly population. It is characterized by skeletal pain, structural damage, and impairment of joint mobility (1, 2) . Most of the skeletal joints are affected by OA in the elderly, but the pain linked with knee OA (KOA) is the leading cause of referral to health care centers (1) . KOA at both individual and population levels is responsible for a decrease in the permanent loss of life quality. Almost 14 million U.S. populations have symptomatic KOA, and more than half of these people are less than 65 years old (3) . This issue emphasizes the need to plan preventive programs to reduce development as well as progression of KOA in the general population.
At present, there is no definitive treatment for KOA, and current therapy aims to relieve pain and modify responsible factors of disease progression and joint destruction (1, 4) . However, in the presence of risk factors, structural abnormalities progress and lead to pain and future development of disability in a proportion of patients (1, 5, 6) . Thus, the need for novel therapeutic agents that target structural abnormalities in order to slow the progression of KOA has been established (1, 6) .
Several factors, such as obesity, age, ethnicity, trauma, and vitamin D deficiency, have been shown to play a role in the development as well as progression of KOA (1, 7) . Meanwhile, exploring the role of vitamin D is more important because improving vitamin D deficiency may confer additional benefits in relation to several aspects of the elderly's life, such as osteoporosis, muscle strength, and fall prevention (3, 7) . Current data emphasize a possible contributive role for vitamin D deficiency in the ethiopathogenesis of osteoarthritis. Hence, more attention has been given to the administration of vitamin D in order to affect the prevalence rate or to slow progression of KOA (2, 7) .
Osteoblastic cells and chondrocytes express vitamin D receptors, and vitamin D plays a role in the regulation of chondrocyte hypertrophy, osteoblastic bone proliferation, and mineralization.
MATERIALS AND METHODS
This narrative review aims to summarize the findings of studies that have examined the association of vitamin D level with pain, function, quality of life, radiographic disease and radiographic progression in patients with KOA, as well as the effect of vitamin D supplementation on pain, function, quality of life, radiographic disease, and radiographic progression. For these purposes English language databases were searched to identify potential studies that have been published in Medline/PubMed, Scopus, and Google Scholar by using keywords such as "vitamin D supplementation," "knee osteoarthritis," "treatment," "radiographic incidence," "progression," "worsening," "pain," "quality of life," and "structural abnormalities." In addition, the references of the selected papers were searched to find eligible studies. A total of 705 records were identified by searching databases, and 23 studies were found to be eligible for this study (Figure 1 ).
RESULTS
Normal bone and cartilage metabolism requires an optimal level of serum 25-hydroxyvitamin D3 (serum 25(OH)D), which, in active form, exerts anabolic and catabolic actions on bone and cartilage tissues. Therefore, low intake of vitamin D or a vitamin D deficiency state might impair osteoblastic activity, bone metabolism, as well as cartilage turnover and thus result in progression or exacerbation of OA (9) . Several studies have shown an association between low serum vitamin D and osteoarthritis severity, pain, radiographic progression and impaired quality of life. Hence, the therapeutic influence of supplemental vitamin D has been investigated in many interventional studies. Vitamin D level and association with pain, function, quality of life, radiographic disease and radiographic progression. A systematic review and meta-analysis of 81 observational studies with 50 834 participants found significantly lower serum 25(OH)D in patients with pain conditions like arthritis, muscle pain, and chronic widespread pain as compared with the control group (24) . Another meta-analysis of 12 studies revealed an association between hypovitaminosis D, particularly serum 25(OH)D levels less than 8-10 ng/ml, and chronic widespread pain (25) . In one large cross-sectional study, patients with serum 25(OH)D levels of 15 ng/ml or less had greater risk of pain, including widespread pain, as compared with those patients with serum 25(OH)D levels that were greater than 15 ng/ml (26) . Low serum vitamin D is related to OA and OA-related pain, particularly when the hand and hip are involved (27) .
The results of a large longitudinal, population-based cohort study of patients with KOA indicated an association between baseline serum 25(OH)D less than 25 nmol/L and incident knee pain or worsening of knee pain over 5 years of follow-up (28). Over 6.5 years, an association was found between vitamin D intake and risk of progression of radiographic KOA.
Bassiouni et al (41) Longitudinal study of patients with KOA Over 12 months, deterioration of medial femorotibial OA was significantly greater in subjects with serum 25(OH) D 10 ng/ml vs >10 ng/ml.
Bergink et al (44)
Meta-analysis of six cross-sectional studies Decreasing serum vitamin D was associated with increased risk of joint KOA space narrowing and progression radiographic KOA Jagannath et al (49) Longitudinal study of 396 subjects aged 64. Nonetheless, in the Hertfordshire Cohort Study, the association between low serum 25(OH)D and pain was weak (15) , and in two small cross-sectional studies, there was no association between vitamin D deficiency and pain in KOA. However both studies failed to compare serum 25(OH)D level in patients with a control group, and more than 90% of the study population in both studies had a vitamin D deficiency (29, 30) . Several observational studies have related vitamin D deficiency to the development and progression of radiographic osteoarthritis and impaired quality of life (7, (12) (13) (14) 17, 18, 23, (31) (32) (33) (Table 1) . Low levels of serum vitamin D are also a determinant for the development of major health-related conditions, and in older persons it represents an independent risk factor for falls (19, 34) . Some clinical features, such as muscle pain and weakness, difficulties in gait and climbing stairs, and generalized loss of muscular mass, active daily living disability (ADL), particularly in elderly people, are associated with vitamin D deficiency (35) . This issue has been investigated in a number of observational studies. In a large study of community-dwelling adults aged 77 to 100 years old, serum 25(OH)D at less than 30 ng/ml was associated with poorer physical performance and more prevalent mobility and ADL disability. In this study, baseline vitamin D deficiency was a predictor of incident disability over 3 years of follow-up (36) . A similar association of vitamin D and quality of life has been shown in participants of the fifth Korean National Health and Nutrition Examination Survey (KNHANES V) aged 50 or older. In this study, serum 25(OH)D less than 10 ng/ml was significantly associated with poor health-related quality of life (37) . Furthermore, poor knee function, locomotor dysfunctions, and decline in physical performance are associated with vitamin D deficiency (19, 20, 38, 39) .
In community-dwelling elderly women and men, vitamin D deficiency is associated with worse coordination and weaker strength, lower walking time, lower upper limb strength, and weaker aerobic capacity (39) . A large cross-sectional and longitudinal design (3-year follow-up) study of 1234 men and women over 65 years old found that serum 25(OH)D levels lower than 10 ng/ml and 10-20 ng/ml are predictors of future development of decline in physical performance (20) .
The results of studies on the association between vitamin D and radiographic abnormalities are conflicting (Table 1) . This is because the study population, baseline serum 25(OH) D, and the outcomes were different across studies. Association between low serum vitamin D with increased risk of KOA progression has been observed in four longitudinal studies. The risk of progression as well as deterioration of medial femorotibial OA were greater in subjects with lower serum 25(OH) D levels than individuals with higher levels of serum 25(OH)D (11, 22, 40, 41) .
In one longitudinal study, changes in medial and lateral tibial cartilage volume assessed by magnetic resonance imaging (MRI) were positively associated with changes in serum vitamin D over 2.9 years of follow-up (42) . In the population of the Rotterdam study, low intake of vitamin D was associated with increased risk of radiographic KOA, particularly in subjects with low baseline bone mineral density. In this study, progression of radiographic OA occurred in 5.1% of the participants in the highest tertile versus 12.6% in the lowest tertile (43) .
The results of three systematic reviews and meta-analyses revealed an association between low serum 25(OH)D and progression of radiographic KOA (7, 44, 45) . Nevertheless, two cohort studies found no association between low serum vitamin D and development of incident knee or hip OA over a follow-up period of more than 10 years (27, 46) . Moreover, two longitudinal studies of patients with vitamin D deficiency (serum 25(OH)D less than 20 ng/ml) and another cross-sectional study of men and women aged 18-74 years, found no significant differences in radiographic hand OA and the risk of joint space narrowing or cartilage loss in KOA, or KOA progression between subjects with and without vitamin D deficiency (47-49).
Vitamin D supplementation on pain, function, quality of life, radiographic disease and radiographic progression. KOA itself is a disabling condition, and the presence of vitamin D deficiency in KOA aggravates the disability and impairs physical performance and quality of life (50, 51) . Furthermore, low serum vitamin D is related to pain sensitization and severity of pain, and both conditions have important contributions to the development or severity of clinical symptoms in patients with KOA (52) . Prevalence of vitamin D deficiency in elderly people, particularly in those with KOA, is high and poses a greater risk of developing muscle weakness, physical dysfunction, and impaired quality of life (18, 19, 31, 35, 53) . In one study, supplementation of vitamin D, with a daily dosage of 800-1000 IU, exerted a consistent beneficial effect on muscle strength, gait, and balance in the elderly (54) . A quantitative meta-analysis of 19 published randomized control trials (RCTs) revealed that vitamin D supplementation was associated with greater reduction in pain score as compared with the placebo group (50). These observations suggest the importance of maintaining serum vitamin D levels in elderly people at a sufficient state. An adequate level of serum vitamin D is expected to improve muscle strength, reduce knee pain, and reinforce physical performance (23, 33, 55) . The results of studies in relation to vitamin D supplementation and KOA are summarized in Table 2 .
In a short longitudinal study of 67 patients with vitamin D deficiency and symptomatic KOA, vitamin D supplementation at a weekly dosage of 50 000 IU for 2 months increased serum vitamin D to sufficient levels and significantly improved knee pain and quadricep muscle strength. Lack of a control group and a small sample size are limitations of this study (23). (56) . Small sample size and short duration of treatment are limitations of this study. Nonetheless, the effect of vitamin D on pain was estimated to be larger than the effect of nonsteroidal anti-inflammatory drugs and close to the effect of intra-articular corticosteroid on KOA pain (57).
Jin et al, in another study of patients with KOA and low serum vitamin D (serum 25(OH)D less than 60 nmol/L), found no significant effect of 50 000 IU cholecalciferol monthly for 2 years on pain, cartilage volume loss, and progression of structural abnormalities as assessed by MRI. Compared with a later study, the mean age of patients in this study was higher (63.5 ± 6.9 vs 53.2 ± 9.6 years), and the serum level in 21% of the vitamin D-treated group did not reach a sufficient level. Nonetheless, in post hoc analysis, a significant improvement of knee pain was detected in the vitamin D group. Furthermore, the magnitude of improvement in total Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain score and WOMAC function in the vitamin D group was greater, and progression of bone marrow lesions (BMLs) in this group was significantly lower than it was in the placebo group (58) . Two RCTs that compared the effect of a low daily dose of supplemental vitamin D with placebo found no beneficial effect of vitamin D in KOA (59, 60) . In a study by McAlindon et al, 2000 IU cholecalciferol daily for 2 years with dose escalation to elevate serum levels to more than 36 ng/ml had no effect on pain or cartilage volume loss as compared with the placebo group. In this study, only 61.3% of the patients in the vitamin D group achieved the target level of 36 ng/ml, and the patients of the treatment group had more severe disease regarding WOMAC pain scores, WOMAC function, and femoral cartilage volume at baseline. In addition, 51% of patients in the vitamin D group had advanced KOA with Kellgren and Lawrence grades of 3 and 4 and in whom structural abnormalities are less expected to be reversible. Nevertheless, in subset analysis, the effect of vitamin D on WOMAC pain was significantly larger in patients who were vitamin D deficient at baseline (59) . Similarly, in another 3-year randomized double-blind, placebo-controlled trial of 474 symptomatic patients with KOA by Arden et al, supplementation of cholecalciferol with a daily dose of 800 IU had no significant effect on the rate of joint space narrowing assessed by X-ray, knee pain, function, or stiffness, even in vitamin D-deficient participants. The serum 25(OH)D level increased by 10 μg/L in 1 year, and the serum 25(OH)D level increased from 20.7 ± 8.9 μg/L at baseline to 30.4 ± 7 μg /L at the end point. At 12 months, 46% of the vitamin D-supplemented group vs 14% of the placebo group achieved sufficient levels of serum vitamin D (60) . Application of radiography is a limitation of this study because the sensitivity of radiography is lower than that of MRI (61) .
Meta-analysis of the four abovementioned RCTs by Gao et al, which consisted of a total of 1136 patients, revealed that serum 25(OH)D increased by 17.58 nmol/L in the vitamin D group and decreased by 5.7 nmol/L in the placebo group. Pooled results showed that vitamin D supplementation at more than 2000 IU daily was associated with a significant improvement in stiffness and WOMAC pain but not in WOMAC function and progression of tibial cartilage volume loss (62) . Another meta-analysis of the same studies by Diao et al reached the same conclusion (63) . Nonetheless, the results of a systematic review of RCTs that consists of 1189 participants aged 45 years and older did not support vitamin D supplementation in KOA (64) .
In a clinical trial of vitamin D-deficient KOA with knee joint effusion-synovitis, vitamin D supplementation retarded the progression of synovitis (65) . In another RCT of 60 patients with symptomatic KOA (25 taking 800 IU cholecalciferol daily and 26 taking placebo for 2 years), the MRI findings showed no significant differences in synovial tissue volume and subchondral BMLs between the study groups. Small sample size, low vitamin D dosage, and short duration of treatment are major limitations of this study. In this study, only a small proportion of the participants had vitamin D deficiency (66) .
Manoy et al, in a longitudinal study of patients with vitamin D deficiency or insufficient patients with symptomatic KOA, administered 40 000 IU ergocalciferol weekly for 6 months. At endpoint, the serum 25(OH)D level increased to sufficient levels (greater than 30 ng/ml) and resulted in a significant improvement of the muscle strength, Visual Analogue Scale (VAS) pain score, physical performance, and the quality of life, but pain on physical activity assessed by WOMAC did not improve (67) . However, lack of a control group and short period of treatment are limitations of this study. The results of a small uncontrolled study of patients with symptomatic KOA demonstrated that vitamin D supplementation at 45 000 IU weekly for three months, followed by 45,000 IU every 2 weeks for 1 year, had no effect on knee pain and function in patients with baseline serum 25(OH)D at 75 nmol/L or less. In this study, only 58 out of 100 participants completed the study (68) .
DISCUSSION
It should be noted that OA is a chronic condition and that osteoarticular changes occur several years after exposure to risk factors. Therefore, recovery of these structural changes requires long-term treatment. Thus, short-term clinical trials are not expected to be associated with a detectable improvement in structural abnormalities by using radiography or MRI. On the other hand, lack of a correlation between clinical symptoms and struc-tural changes in KOA makes it difficult to show structural recovery in subjects with clinical improvement.
The mechanism by which vitamin D deficiency may contribute to the development or worsening of KOA symptoms is unclear, but it can be explained by the effect of vitamin D on inflammatory response, muscle strength, and pain sensitization (23, 33, 63, 65, 69, 70) .
In conclusion, existing data suggest a beneficial effect of high-dose vitamin D supplementation on pain, muscle strength, and quality of life in KOA, without a radiographic or MRI-detectable improvement on structural changes. However, regarding a positive association of vitamin D deficiency with worsening and progression of radiographic KOA, maintaining serum 25(OH)D at sufficient levels by vitamin D supplementation might be beneficial in KOA. There are several potential explanations to clarify conflicting results across diverse clinical trials. Factors such as baseline serum 25(OH)D level, vitamin D dosages, duration of treatment, severity of KOA, and varying outcome measures across diverse studies all may differently affect the results. Structural changes in patients with advanced KOA are less responsive to treatment as compared with patients with mild disease. Furthermore, structural improvement requires prolonged periods of treatment, and its detection needs a sensitive tool because the size of recovery is not large enough to be detected by conventional radiography or even MRI. On the other hand, prevalence and distribution of the associated factors of knee pain and KOA progression-such as age, sex, vitamin D deficiency, muscle weakness, severity of inflammatory process, and obesity-vary across studies. The influence of any of these factors can undermine the therapeutic effect of vitamin D supplementation.
Currently, the type of structural lesion or clinical features that are susceptible to vitamin D treatment are not known to be considered for treatment outcome. However, structural abnormalities that are associated with vitamin D deficiency are expected to have a greater chance of reversing. Furthermore, changes in abnormalities, such as BMLs, cartilage defects, cartilage volume, synovitis/ effusion, and muscle strength, which are more responsive to treatment, can be considered as outcome measures.
Long-term longitudinal studies with periodic measurement of serum 25(OH)D along with clinical examination and imaging studies can provide opportunities to determine the causal relationship between serum vitamin D and KOA.
Efficacy of vitamin D supplementation on symptoms and structural abnormalities in KOA requires further RCTs. Selection of patients with early KOA is preferable because abnormalities at earlier stages of KOA are likely more reversible and possibly more responsive to treatment.
Several biologic markers pertaining to cartilage metabolism have been recognized. These parameters might be more sensitive to changes in response to treatment and can be considered for evaluation of treatment response in future studies.
